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Rgure 6: Summary: "CurtaAable Operating Mode

Production Cost Savings, normalized to system
production cost without sofar generation Solar Curtailment
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3.3 "Downward Dispatch" operating mode: Reduced curtailment and
thermal commitment, and increased value

Compared to Curtai4ble operating mode, Downward Oispat«h operating mode allows so4r to retain value

at hier levels of solar generation (i|gure 7, top panel). Downward Dispatch improves on Curtatlable by

allowing the system operator to plan to turn down soiar generation if solar is aver-forecasted ahead of real-

time operations. Downward Dispatch also allows regu4tion footroom requirements to be provided by so4r

generators. The midd4 and bottom panels of Figure 7 demonstrate that, during hours of very high solar

output, downward dispatch of solar enables the operator to commit fewer thermal power plants, which

reduces the minimum output requirement for thermal generation and increases the quantity of solar

deltvered to the grid. It may seem paradoxical, but in our simulations, solar in Downward Dispatch operating

mode has morc opportunities to be curtailed, but less octuof curtoiiment is observed.'t 2gss solar

penetration potential, Downward Dispatch would reduce expected cunailment by half - from 3196, in

curtailable operating mode. to 16ss — enabling solar to provide posithne incremental value at higher solar

penetration levels. Our simulation results show that, with the right economic dispatch rules, solar

curtailment can be minimized by allowing solar to provide the most constrained grid services at key times.
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figure 7: Summary: "Downward Dispatch" Operating Mode

production Savings, normal'o system
p hrn cost wi t solar generation

Solar Cunal tment

Ii-'1l

0% sll lOll ss% los lail Sm
krww srur rwwrrrlaa rvunl4I Crrr

0\
oa $% ters )srs nnr lsd re%

uwwr sd4t rwwruwr rwdrdlol llu

Generation Dispatch on an example spring day at 28ss annual solar energy ~ tratlon potential

Curtagabte Downward Dispatch

I su cvnur m

g ud

~ Gds cdwavsurn rwudd

I Odr Conavud Crrfd

~ odr srddm

~ Carl

4% IkS IH ua ~ 8 IA

Schematic of balancing requirements, thermal operational range, and solar generation

Curtaitablo Downward Dispatch S~umma

I

!
0

rrrddroerrr

Load

With Downward
Dbpatch, curtailment
and thermal
generation is reduced
because solar provides
footroom. Solar
headroom n not users.

pa ~ e Isai 0 20 la gnergr and Envdunmcntdr Econamus. Inc.



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
4
of26

3.4 "Full Flexibility" operating mode: Additional value at higher solar
penetrations

Shanng balancing requirements between thermal and solar generators becomes increasingly valuable as

more sofar capacity is added to the grid. Provision of balancing services from solar plants allows thermal

generators to operate more eNcientfy by reducing the need for cycling and load following senrices,

resulting in less fuel consumption. This also avoids commitment of inefficient thermal generation,

reducing curtailment of solar duding times of overgeneration.

Figure 8 shows that these savings can be substantial for the TECO system. The curtailment observed in

Downward Dispatch operating mode on an example spring day (Figure 8, middle panel) suggests that at

higher solar penetration levels, it could be particularly challenging to ramp TECO's thermal generation

Acct down at sunrise and up at sunset. Operating solar in Full Flexibility operating mode would allow

system operators to reduce forecast error headroom requirements and use any available so4r headroom

to meet regulation headroom requirements. On this example day, integrating these capabilities into

operational procedures makes thermal generator ramping at sunrise and sunset more manageable.

CS 261a tnxrgv and tnvinementai tccnomlcs, Inc. P ~ Sv liui
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figure 8: Summary: efull flexibility" Operating Mode

production Cost Savings, normalited to system
production cost without solar generation Solar Curtailment
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Figure 9 shows the distribution ol headroom requirements between thermal and solar resources for the

hours-ahead unit commitment stage. Footroom requirements during the daytime are met predominantly

by solar,'olar provides headroom to mitigate forecast uncertainties via committing to curtail and by

committing to provide regulation. For example, solar is cunailed frequently in spring morning and early

afternoon hours, thereby creating headroom that could be used productively to meet operational

requirements. During summer late afternoon and early evening hours, solar does not typically reduce

headroom requirements by committing to curtail because load is high enough In these hours to absorb

(not curtail) most solar generation, and the TECO generation fleet has enough headroom flexibility to

absorb all solar generation. Our results confirm that headroom on solar is most likely to be available during

pedods of low load and high solar output, but that solar generators are unbkely to be curtailed for the

purpose of creating headroom dunng higher. load houlS.

The scope of this study is limited to the operation of resources within TECO balancing area, and

consequently transactions with external entitles are not represented in detail, Energy market transactions

with neighboring regions may become more valuable and/or frequent at higher solar penetrations. These

transactions would allow TECO to access the capabilities of a larger pool of thermal resources, thereby

making it easier to meet headroom, footroom, and ramping requirements. Forecast error headroom

requirements may be particularly impacted by increased regional coordination, because the aggregate

forecast error of a larger footprint of solar resources will be reduced relative to the same capacity of solar

resources deployed over a smaller footprint, Increasing the level of regional coordination would reduce

fienrbitity ChaiiengeS related tO adding SOlar reSOurCeS intO TECO'S generadOn POltfulia, thereby allOWing

solar energy to retain value at higher solar penetration levels. We expect that for a given level of solar

generation, increased regional coordination would decrease the value of operating solar power plants in

a more flexible manner. However, higher value for solar energy may hasten the pace of solar development

across the region, thereby increasing solar penetration and consequently the value of solar flexibility.

whee sunulerirg the pcnunnsrd oupscch and tsa tbnbras opereand modei in pitxos, samraom rcmrremsnis resuxrng trom w4r wrubrsiv end
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Figure 9: Headroom and footroom requirements (left) and the portion of each requirement provided by
solar and thermal resources (right) for the hours-ahead unit commitment stage at 2894 annual
solar energy production potential (2400 MW nameplate solar capacity) in the full flexibility
operating mode. Values are month*our averages.

)an
1 — Hour of Oay — 24

fp

Legend 0 MW 750 MW 1500 MW

)an
1 — Hour of Oay — 24

0
0 f
o e0

Oec
0

0
3

Page tssi 0 )014 Eaatgr aad Earrrrrmmeatal Ecoaomcs, Inc



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
8
of26

Comparing thermal headroom and generation between the Curtailable and Full Flexibility operating

modes (Figure 10, orange vs. dark blue barsl demonstrates that increasing solar Aexibihty reduces both

thermal commitments and generation. The Curtailable, Downward Olspatch, and Full Flexibility

simulations In Figure 10 have identical generator capacities and operational characteristics, except for

their levels of solar flexibiVity. Note that no additional large capital Investments would be necessary to

reduce thermal capacity factors and commitment levels; increasing solar flexibility simply uses existing

assets more effidently, resulting ln lower production costs.

Figure 10: Annual average generation and headroom at 2gtg annual solar energy production potential,
expressed as a fraction of annual TECO demand. Headroom h calculated as the difference
between generation setpolnt and committed capadty (or available production for solar) In real-
time. Headroom on solar is only shown for the Full Flexibility operating mode,
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3.5 COE emissions results

Operating solar power plants in a more flexible manner enhances the ability of solar to reduce COl

emissions from electricity generation. As solar capacity increases, COi emissions are reduced in all cases

when solar is operated in Full Flexibihty operating mode (Figure 11). At higher solar penetrations,

Curtailable and Downward Dispatch operating modes result in more curtailment and higher levels of COi

emlssions relative to Full Flexibility. At lower levels of solar penetration (less than 19% annual solar

penetration potential), we observe small differences in COr emissions among the sofar operating modes

but do not beheve them to be material.

Figure 11: COi emissions as a function of solar deployment and solar operating mode
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Flexibly scheduling and controlling sofar plants can provide significant reliability, financial, and

environmental value. Solar dispatch flexibility an Important tool that grid operators can use to address

challenges associated with higher solar penetrations and to integrate increasing amounts of solar cost-

effectively. Dispatching solar power plants to the needs of the grid will reduce COi emissions at higher

solar penetrations and may reduce criteria pollutant emissions (such as NO.), which can be signihcantiy

higher tor power plants that frequently ramp up and down.

Px ~ e lxei 0 lola Energy xnd Envrronn»ntxl Econornxr, lnc.
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3.6 Summary tables

The numeric values in Table 3 and Table 4 indicate that increasing solar flexibibty increases the value of

solar energy and decreases solar curtailment. These values are for one specific system configuration, and

depend on resource capabilities and capacity, fuel cost projections, and other many factors,

Consequently, the values should not be applied to other jurisdictions or other TECO system conditions.

Table 3. Average and marginal energy value of solar, in 5/MWh of solar production potentiaL The
energy value of solar represents only production cost savings and does not include other value
streams such as avoided peak capadty. The marginal energy value of solar is calculated as the
change In production cost resulting from the addition of an incremental 400 MW of solar
capacity.

Avaiutee Generaoon Enerey Vaine of 5oiar
ES/ l

aiteirrnai E V of sour
IS/Mvrrr f

1.l00

Ts

958 4.6%

L916 9 3%

UI74 13.9IS

1.600 3832 189%

2OXI 4.790 232IS

5.747 278N

ril

e
3

Z V

528,7 529 9 530.1

$27.2 $27.$ $278

524.6 52$.8 526 1

N/A $13 2 524 7

N/A 5198 5223

N/A 514 0 5)89

S30.1

$278

526.5

5250

$23.2

521 4

8

3

528.7 519.9 $30 1 530.1

$258 525 1 525 1 525 5

$ 19.$ 522.3 523 2 5240

N/A $1$ .5 Sl06 Slo.5

N/A 53.1 5128 51$ .9

N/A Sl12,1l $ 14 512.7

0 2018 Enersv aors Enrnronrnenral Economies, Inr. Paso I 1st



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
11

of26

Table 4. Solar resource availability and sofar curtailment results for each solar penetration level and
operating mode.
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3.7 Sensitivity study: Incremental value of storage

Energy storage, particularly from fast-responding batteries such as lithium.ion, can quickly ramp from

charging to discharge, providing an operating range that is double the nameplate capacity. Moreover,

batteries can reduce fuel costs and avoid solar curtailment by charging during times of curtailment and

discharging during times when thermal generation is on the margin.

For our final set of simulations, we add 8 small bauery (50 MW, equnralent to 195 of peak demand) with

four hours ol energy duration (200 Mwh) to the TEco system at various levels of solar penetration to

explore the value of storage in the context different solar operating modes. We find similar results to

other storage producuon cost studies: storage provides production cost savings across all solar

penetrations, with larger savings occurring at higher solar penetrations. Storage is used for a mi«of

regulation, forecast error reserves, and withinMay energy shifting. Storage also reduces the magnitude of

ramps during sunrise and sundown, which is more valuable at higher solar penetrations. The value of

shifting energv increases significantly in the presence of so)ar curtailment (Figure 12). Thrs study focuses

Pa ~ e 14ei 0 2018 s nerev and fnvlnmmental tconomcs, Inc
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on operational cost savi ngs of storage, and therefore does not consider storage capital costs or a full cost-

benefit analysis of storage.

Figure 121 Increasing solar operational flexibility can reduce the operational value of storage at a given
solar penetration.
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The opportunity for storage to add value is reduced when the system operator increases reliance on solar

power p4nt flexibility, because flexible operation of solar can provide some of the same grid services as

storage, especially footroom flexibility. Storage resources can be held in reserve ahead of real-time to

address forecast errors in solar generation. The value of storage resources will be reduced if system

operators can reduce forecast error footroom and headroom held on thermal generators by including

solar curtailment in forecast error requirement calculationS. In many renewable integration and storage

valuation studies, a significant fraction of storage value comes from providing regulation, So4r resources

COuld provide the same service during some portions of the day, potentially allowing the storage devote

to perform other functions. Also, solar curtailment decreases as solar operational flexibility Is increased,

thereby reducing the value of storage (see Figure 12f because fewer opportunities exist for energy shifting

at a given so4r penetration level, Renewable integration studies at higher renewable penetrations do not

typically simulate wind or so4r in the Full Flexibdity operating mode, and therefore may overstate the

value of storage. However, we recognite that if an electricity system already has a significant amount of

storage or other flexible resources, the incremental value of increasing solar flexibility would be reduced

relatwe to a system with less flexibiTity.

0 2018 Energy onrt Snrrrirmmonror tcnnomks, lnc. I' a ~ I ol I
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While our results suggest that increasing solar flexibility may reduce the need for storage (and/or other

flexible resources) at intermediate solar penetratlons, there is still a significant role for storage to play at

high sofar penetrations. As more and more sofar is deployed in a grid, the operational value of adding

energy storage vnll increase due to increased balancing requirements and increased solar curtailment.

storage can also provide significant system capacity value. whereas the marginal capacity contnbution of

solar resources tends to drop relatively quickly with increasing sofar penetration.

Page ical 0 tote taergv aad tmaronmeccal tcoaoeeci, Inc
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4 Areas for Future Research

This study lays out some of the technical considerations that must be implemented to tap the full potential

of flexible solar in grid operations. Further work is necessary on many fronts to fully realize the potential

of flexible solar:

~ Solar forecasts are key to unlocking the potential of flexible sobr. Without some certainty on the

possible bounds of power production, it is impossible to rely on a venable resource for balancing

services, espedally for services that require headroom. A method is needed to develop a

confidence interval for flexible solar that is conservatnie enough to be workable in a control room

while still providing a reasonable solar dispatch range. Providing footroom with solar requires

significantly less forecast accuracy than is required to provide headroom.

~ Disincentives for flexible solar exist in markets where Renewable Energy Certificates lRECs) are a

primary revenue source, because RECs are only generated when the generator produces a MWh

of renewable energy. A renewable power plant would not want to forgo REC revenue by oflering

to be dispatched unless doing so provided the generator with positive net revenue. Further

research can shed light on the value of solar dispatch in a market with RECs.

~ Many existing renewable power plants have contracts that do not emnsion using the plant for gnd

balandng, so contracts would need to be clariged or renegotiated to enable dispatchability from

existing facilities.

~ In organized electricity markets, it remains to be seen how vanable renewables would bid their

flexibility into energy and ancillary service markets. Existing methods of calculating opportunity

cost for ancillary services are largely based on thermal opportunity cost of producing less energy

and dispatching at less efficient setpoints. Compared to thermal generators, variable renewables

have more uncertainty surrounding day-ahead or hour-ahead maximum production levels. Also,

D Zeta tnxrev xixf trivirenmviitxl fzanonvcs, Inc, exec ix) i
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variable renewables may have no marginal cost of providing ancillary services if they are already

curtailed due to system-wide conditions.

~ Some organtted markets do not separately procure upward (headroom) and downward

(footroom) services. However, our study indicates that the cost for solar to provide headroom

and footroorn is highly asymmetric. Flexible solar Is likely to have significantly higher value in

markets, like the California ISO, vwth distinct upward and downward reserve products. Other

market operators In areas with high wind and solar penetration should consider establishing

separate downward and upward reserve products.

Pxae I xx I 0 leta Exerav and tnvinxvnental tronomcs, Inc.
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5 Conclusions

When envisioning a power system with large amounts of variable renewable energy, system planners

must include information on the leastxost manner of reliably operating that system, in both the present

and future. If system operators can control the power output of variable renewable resources. these

resources can be viewed as assets that help to maintain reliability rather than liabilities that create

operational challenges, Bringing the operational value of dispatching variable renewables Into utility

resource plans may change the investments made in resources going forward, The Aexibibty brought by

dispatching variable renewable generators could reduce the need for investments in other types of

flexible resources. But dispatching renewables helps to retain their value at higher penetrations, which

may induce further renewable deployment and, in turn, increase the need for other flexible resources. In

either scenario, reducing operational costs and COr emlssions from the power system is easier when solar

power is treated as an active participant in grid balancing rather than an invisible part of the "net load."

0 20la Energy xnd Envlrenxwxtxl Ecoxomxx.~ Px ax 14S I
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6 Appendix A: Reserve Calculations
and Requirements

Many renewable integration studies calculate headroom and footroorn requirements such that unit

commitment and dispatch decisions include enough flexibilit to successfully navigate variability and

uncertainty from load and variable renewable resources. Calculating reserve requirements is an active

area of research, but at present most studies follow a similar calculation methodology.'n our study, we

calculate reserve requirements largely using standard methods but make modifications necessitated by

the multi-stage structure of our PLEXOS model and solar flexibility constraints.

we enforce three separate categories of reserve requirements in PLExos: forecast error (section 6.1),

regulation (Section 6.2). and conlingency (Section 6.3). Section 6.4 describes how different classes of

resources provide each category of reserves.

To calculate forecast error and regulation reserve requirements, we rely on year-long timeseries data for

load and solar production. Both load and solar data sets include forecasted and real time (5 minute actual)

data. Solar timeseries data is described in Section 2.1.3. TECO provided a year-long timeseries of forecast

and actual (5-minute) load data.

6.1 Forecast error reserves

Forecast error reserves ensure that enough capacity is committed before real time such that load and

solar forecast error do not cause reliability concerns. Both upward and downward requirements

(headroom and footroom, respectively) are enforced in every model stage before real-time. Our

s E. Rranec I. erad and f. oe. A ssssnrslo cernpensrm ol operaeee Resene bsetnodrdnfieb ssanond Rersnnslde fnerdr laoernrore, fora.
i vof f. loaner and w darb A compreeonsrre compsnmn d cenrre oparannf Rrserse

Mrsaoddepes, fff/pfs fraosdsiam arrd Dnolbeeon Cardererne end fsnnsetm fraos lot b

pace laai 0 lola Energy and Emnrornnenfal feonorrses. inf
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treatment of forecast error reserves is similar to "load following" or "flexibility reserves in other

renewable integration studies, with the exception that the within.hour variability traditionally associated

with "load following" calculations is included as part of the regulation requirement In this study,

6.1,1 FORECAST ERROR REQUIREMENT CALCULATION

For each of the three model stages before real-time (l.e., multiple days-ahead, day-ahead, and hours-

ahead), the difference between forecast and average actual output is calculated, resulting In a library of

positnie and negative MW forecast error values. The cakulation is performed individuolfy on demand and

solar profiles. To capture correlations between demand and variable renewable resources, many studies

In the literature subtract variable renewable output from demand to create a library ol net food forecast

error values. We do not employ this method because quantifying the level of solar forecast error is key to

representing solar flexibility in the production simulation, At higher levels of sokar penetration, we observe

that solar forecast error is much larger than demand forecast error, which minimizes the difference

between individual and nct load forecast error calculation methodologies. In future analyses, it may be

possible to retain correlations between solar and demand forecast errors when modehng solar flexibilny.

To reflect different levels of forecast error at different times of the day. the hbrary of forecast errors is

divided into bins by hour of day Because TECO experiences different weather conditions during different

times of year, the hourly bins for solar forecast error are subdivided by season. Finally, to reflect

differences in forecast accuracy resulting from cloud cover, the season-hour bins are divided into two

separate bins: "cloudy and "dear sky." Solar forecasts are placed Into the "cloudy bin if the forecasted

solar output is less than 80fg of an estimate of the clear sky output.

System operators make conservative decisions when commrning generation units, but it is not common

practice to commit units to prepare the system for every possible future level of load or soksr production.

In the case of extreme forecast error, operators can perform a set of emergency actions that fall outside

o( the scope of production cost modeling, such as making an emergency phone call to a neighboring

balancing area, dispatching contingency reserves, or allowing a small imbalance in supply and demand

)thereby causing area control error) for a short period of time. Consequently, an appropriate threshold

for forecast error reserves must be defined beyond which the system operator does not need to hold

0 zola zneigv arxf gmeionmenrar Eeanemies, lee. Page 1 at I
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headroom or footroom for forecast error. This threshold can be the product of a detailed analysis that

compares the value of a more reliable system with the incremental cost of holding more reserves. In many

studies, a detailed cost/benefit analysis is not within scope so reserve requirement levels are selected by

choosing a percentage of forecast errors based on prior studies of similar systems. Commonly used

thresholds are either 68 - 70% (roughly one standard deviation, lo, for a normally distributed set of

forecast errors) or 95% (2o), meaning that the unit commitment simulation will ensure that all but 28—

30% or 5% (respectively) of all possible forecast errors can be met by available resources

To calculate forecast error reserves for solar in our study, we truncate the library of forecast errors to

include 70% ( lo) of all forecast errors when committing units ahead of real-time (i.e., the multiple days-

ahead. day-ahead, and hours.ahead unit commitment stages). Ooing so results in forecast error reserve

requirements in both the upward (headroom) and downward (footroom) directions because both under-

and over-forecast events are Included In the t meseries datasets. We fogow the same procedure for load

forecast error, except that we expand the range of forecast errors that we Included in the hours.ahead

stage to include 95% (2o) of ag forecast errors. We truncate the library of forecast errors separately for

load and solar, and then add the result to obtain the Final reserve requirement.

The final step of the forecast error reserve calculation ensures that solar forecast error reserve levels

remain within the bounds of possible solar production. Because solar production cannot go below zero,

the forecast error headroom requirement is adjusted if the forecasted solar production minus the

headroom requirement is less than zero. Because solar production cannot go above the level at which the

power plant would produce under dear sky conditions, the forecast error footroom requirement is

adjusted if the forecasted solar production plus the footroom requirement Is greater than an estimate of

the clear sky production potential for a given timestep.

Studies in the literature demonstrate that forecast error for a geographically drverse set of variable

renewable resources Is typically lower than forecast error for the same capacity of resowces Installed on

a smaller footpnnt. For this study we assume that all solar deployment will occur within the tECO service

territory, which is a relativity smag portion oF the Florida peninsula. Consequently, we do not reduce the

marginal forecast error contribution of additional solar resources as more solar is added to the TECO

system. If solar resources were to be deployed on a larger geographic footprint, forecast error

Pxav lxsi 0 zoIS Energy and Environmeriral Eronorixcs, inc
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requirements would be reduced and consequently the benefits of flexible solar operation would be lower

at a given solar penetration. Similarly, improved solar forecasting would decrease the cost of solar

Integration, which would raise the value of solar facilities at any solar penetration and decrease the value

of flexible solar operation at a given solar penetration.

6.2 Regulation reserves

Reguiaoon reserves are held for short-timescale variation — less than 1 hour - of load and variable

renewable output. In our study regulation reserves represent the amount of within-timestep variability

that the system operator must manage if average load and solar production are perfectly forecasted at
an hourly tlmestep for the multiple days and day ahead unit commitment stages, a 15-minute timestep

in the hours-ahead unit commitment stage, or a S~inute timestep In the real-time unit commitment

s'tage.

6.2.1 REGUlATION RESERVE REQUIREMENT CALCUlATION

We calculate regulation requirements on two different timescales (hourly to 5-minute and 5-minute to

automatic generation control (AGC)) and add the result to obtain the final reserve requirement. Only the

5-minute to AGC component of the regulation requirement is held In real-time dispatch, because the real-

time stage economically commits and dbpatches on 5-minute intervals, thereby removing the need to

hold additional headroom and footroom for variabihty between hourly and 5-minute commitment

intervals. Regulation requirements for solar are calculated from a real-ume 5-minute production profile

that Is the average ol many individual production profiles from across the TECO region.

url to 5-minute time al Real-time 5-minute load or solar production prohles are subtracted from a

linear interpohstion between hourly (multiple days-ahead and day-ahead) or ls~inute (hours-ahead)

averages of the same real time profile. As with the forecast error calculation, this results in a library of

positive and negative error values. Errors are divided into bins by hour of day for load, and by hour of day,

season, and a cloudy/dear sliy binary for solar. We calculate the hourly to 5-minute regulation

requirement by truncating the library of errors within each bin to include 9SSS of errors.

0 101$ Energy ond tnyoonmonui soonomlrs, Inc Pose los I
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im seal To calculate the sofar component of the AGC requirement, we estsmate the

short-term variation in plant output on a 5-minute tlmescale. We compare a doud cover persistence

forecast based on solar output in one 5-minute timestep to actual solar output in the next 5-minute

timestep. Similar to other calculations, we bin the result by hour of day and season, and then apply a 95TS

error cutoff.

we calculate the 5-minute to AGc requirement for demand as its of demand, a value frequently used in

other production simulations.

Figure 13 shows the combsned regulation and forecast error headroom and footroom requirements for

SOlar unCertalnty and Variability fOr the huurS-ahead unit COmmitment Stage. Only daylrght hOurS are

depicted In Figure 13. Forecast error requirements are typically much larger than regulation requirements.

The relatively large magnitude of the forecast error headroom requirements is in part due to the small

geographic scope of the TKO balancing area.

Figure 13: Sofar rewrve requirement duration curve for the hours ahead unit commitment stage.
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6.3 Contingency reserves

Contingency reserves are held for infrequent but extreme events, typically the loss of a large generation

unit or transmission line. In our simulations, contingency reserves are held in all model stages, including

real-time, because system operators must always be prepared for contingency events. Consistent with

current operational practice, contingency reserves are only enforced in the upward lheadroom] direction.

6.3.1 CONTINGENCY REQUIREMENT CALCULATION

Contingency reserve requirements for the TECO system were implemented with input from TECO staff.

The magnitude of reserve need is calculated endogenously in PLEXOS for every time step as the maximum

of.

~ TECO's largest generation contingency

~ TEC(ys share of the

Florida

reserve sharing obligation

~ A minimum contingency reserve level of 315 MW

0 201$ tiixiav end Envinximeixxr Ecanomlrr, Inc Paar i sit
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6.4 How resources provided reserves

Tabk 5. How different classes of resources provide headroom and footroom capacity to each reserve
type.

Online
thermal

Headroom andfootroom'eadroom, subject to ramp
Headroom and

footroortl,sublectto
rate limits

ram rate limits

Nameplate capacity of
generators that could start

within the required timeframe,
Ofeqne

but combustion turbines in a
thermal

combined cycle can only
contribute if the steam turbine

was committed
Available headroom and

Batteries i
foot room

Could not contnbute

Available headroom
and footroom

Nameplate capacity of
simple cycle combustion
turbines that can start

within the required
timeframe

Available headroom

Demand
response

Does not contribute Does not contribute

See Table 6 below

Available capacity

'Online generators that can shut down with sufficient speed contribute capacity equal to their minimum

producuon (PMlni to forecast error reserve footroom, in addition to available footroorn between their

set point and PMin.
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Table 6. Schematic representing how solar generators provide reserves in this study.

Total Headroom
Reserve Type Source or need d aolar p 'der

Contingency tafQest
cof4Agency

Headroom on solar lar conbngency reserves is nat
nwdeled in this study, but would be posuble ruth
enough producban potenbal certainty

Forecast Load

Tlw
E +

~ ulatlon

Solar varlaboty
and uncertainty

Load vanabecy
and unconalnty

Fof ecast enor uP Irafv solar IS

reduced whoa saliif Is curtafaa

Headraom on solar raf load
under.IOreCast u nOt modeled m
the study, but would be passaile
vnth enaugh producban potential

When solar
provldee
regu4lmn
headroom, more
laracast error
reserve u hold m
case or solar
over lorecast

Total Footroom

r el
E +

Reputation

teed vanabaty
and uncmtaany

SIAII vaflabiscv
and urcertemtv

Solar provides %%datraam %%dr laed averdorecest,
smaed by the amatmt or solar Qeneraban below the
lowaf bound on solar ProducolÃl

aasefve need n nat madetoo because cesar «an be
curtrued in reel arne c energy cannot be absortwd
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7 Appendix B: Prior Research

Prior research that simulates solar (or wind) in Curtailable or Downward Dispatch operating mode includes

the following:

GE Energy. "Western Wind and Solar Integration Study," Natronal Renewable Energy Laboratory,

May 2010. t s www nrel ov docs 10osti 47 34 f.

Mills, A„A Botterud, J. Wu, Z. Zhou, B.-M. Hodge and M. Heaney, "Integrating Solar PV in Utiltty

lyt 00 tt IRRR N I IL! t N2012.0~0: I ~

ublications,lbl ov sites default files bnl+5 e dl,

Eber, K. and D. Corbus, Hawaii Solar Integration Study: Executive Summary," National Renewable

Energy Laboratory, June 2013, h t I o I~@.
Energy and Environmental Economics, "Investigating a higher renewables portfolio standard in

Cagfornia," 2014,

htt s: www. hr n s E3 Final RPS Re ort 2014 01 06 with a endices. df
~ Cakfornda 150. "Phase 1.A. Direct testimony of Dr. Shucheng Liu on behalf of the Caldfornia

Independent System Operator," 13 August 2014,
htt: . ai ts Au 13 201 In tiaITestfmon Shuchen Uu PhaselA L P

~Rll.lZZI . RI.

~ Energy and Environmental Economics, Inc. and National Renewable Energy Laboratory, "Western
interconnection Flexibility Assessment," Western Electricity Coordinating Coundl and Western
Interstate Energy Board, 2015, htt '. r . m

conten u loads 2017 02 ECC Flexibilit As n Re 2 1 -11 df,

Brinkman, GN J. Jorgenson, A Ehlen and J. Caldwell, Low Carbon Grid Study: Analysis of a 50IS

Emission Reduction in Califorrua," National Renewable Energy Laboratory, January 2016,
h ww r 16osti 64884 df.

Seel, JM A. Mills, R. Wiser, S. Deb, A. Asokkumar, M. Hassantadeh and A. Aarabali, "ImpaCLS Of High

Variable Renewable Energy Futures on Wholesale Electrldty Prices, and on Electric-Sector Decision
M NNL" I 0 k \ yN tt IL 0 Im M y20ll 0~0:

I i s defaul files re ort f 0 df.
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Piior research that simulates solar (or wind) in Full Flexibility operating mode- frequently as a sensitivity

- includes the following:

~ Van Hulle, F„ I. Pineda and P. Wilctek, "Economic grid support services by wind and solar PV: A

review of system needs, technology options, economic benefits and suitable market mechanisms,"
REserviceS project, September 2014, t; www.reservices. ro ect.eu
conten u loads REservkeS-full- ubl' I n- . f.

~ Nelson, 8 and L Wisland, "Achieving SD Percent Renewable Electricrty In California, tfnlon of
Concerned Scientists, August 2015,
htt: ucsusa or sites defaul flies attach 2 1 i vin ~ Per nt-Renewable-
El I -InMIif la, f.

~ Tabone, M. D„C Goebel and D, S. Callaway, The effect of PV siting on power system flexibility
needs," Solar Energy, vol. 199, pp. 776-786, 2016.

~ Denhotm, P., J. Novacheck, J. Jorgenson and M, O'onnell, Impact of Flexibility Options on Gild

Economic Carrying Capacity of Solar and Wind: Three Case Studies, National Renewable Energy
laboratory, December 2016, tt s: www.nrel ov docs 17ostl 66854 df.

~ Hale, E.T., 8, Stoll and J. Novacheck, "integraung solar into Florida's power system: Potential roles
for flexibility, Solar Energy, vok 170, pp. 741-751, 2018,
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